Supplemental nests are often used to restore habitats for a variety of rare and endangered taxa. 21
Introduction
Supplemental nests are often used in the conservation and management of threatened and 48 endangered species to increase and restore available nesting habitat and to provide protection 49 from predators, competitors, and the environment (Newton, 1994; Spring et al., 2001; Libois et 50 al., 2012) . Though supplemental nests model the function of their natural counterparts, they are 51 commonly built from manufactured materials, with relatively little attention to mimicking the 52 details of natural nest design. However, we know from the study of other human-built structures 53 (e.g., homes and office buildings) that building material and architectural design strongly 54 influence the diversity and types of microbes found on interior surfaces. Contemporary houses 55 have far fewer environmental microbes than do more open traditional homes (Ruiz-Calderon et 56 al., 2016, Thoemmes et al., In Prep) , which have fewer environmental microbes than do 57 chimpanzee nests (Thoemmes et al., 2018) . While the absence of some bacteria in our daily lives 58 is beneficial, the absence of others is associated with negative health outcomes. For example, a 59 decrease in the abundance of soil bacteria on the skin is directly linked to an increase in the 60 prevalence of atopic sensitization and autoimmune disorders in humans (Fyhrquist et al., 2014; 61 Ruokolainen et al., 2015) . Additionally, as indoor microbial diversity decreases there is a 62 subsequent increase in the abundance of bodily microbes, such as those from feces and skin 63 (Dunn et al., 2013; Lax et al., 2014) , as well as pathogenic bacteria in both homes and hospitals 64 (Kembel et al., 2014) . Despite this, no one has ever studied how human-built supplemental nests 65 alter the microbial communities to which other species are exposed. A loss in microbial diversity 66 or the accumulation of pathogens in supplemental nests could have detrimental effects, 67 particularly for species at high risk of extinction, such as the Key Largo woodrat (Neotoma 68 floridana smalli). 69
Key Largo woodrats are a federally endangered subspecies endemic to north Key Largo, 70 FL (US Department of the Interior., 1984). These woodrats are ecosystem engineers and modify 71 their environment by building substantial natural stick-nests that are maintained across 72 generations by layering sticks and debris at the bases of trees, in fallen tree throws, or in solution 73 part of a long-term monitoring project. From these, we visited 10 natural and 10 supplemental 113 nests (n = 20) located in the area of the refuge that exhibits the highest population densities of 114 Key Largo woodrats (Cove et al., In review). We determined nest occupancy based on visual 115 surveys of active stick-stacking behavior (Balcom and Yahner, 1996; Cove et al., 2017) or 116 additional evidence of use (such as with camera trap surveys or Sherman live-traps) and swabbed 117 each nest with dual-tipped sterile BBL TM CultureSwabs TM . To standardize the distance into each 118 nest, as well as to avoid contamination of sample swabs on exterior building material, we 119 inserted a PVC pipe (approximately 0.5 m in length) into each nest prior to sample collection. 120
We targeted areas that appeared to be used most frequently by the inhabitant(s) and then thread 121 each swab through the pipe at the sample site. To determine how bacterial communities in nests 122 vary, relative to the surrounding forest environment, we then swabbed the forest floor ~0.5-0.75 123 m from the exterior of natural nests (n = 10), in an area that did not appear to be trafficked by 124 humans or wildlife. We swabbed all nest and forest floor environments for approximately 15 125 seconds. 126
In addition, as we know there is an interaction between mammal bodies and the structures 127 Bray-Curtis dissimilarity, weighted by OTU abundance (Bray and Curtis, 1957). We considered 156 differences in bacterial community composition between natural and supplemental nests with a 157 permutational multivariate analysis of variance (PERMANOVA), where we compared 158 differences between nest type (i.e., natural and supplemental nests) and natural nest and forest 159 samples separately. 160
We then tested for the presence of bacteria from genera known to contain zoonotic 161 bacterial pathogens of wild rodents, as characterized previously by Razzauti et al. (2015) . 162
Though there is likely to be some variation in the pathogens found on Key Largo woodrats 163 compared to other rodent species, these taxa encompass 45 bacterial genera, including those of 164 well-known rodent-associated pathogenic groups (e.g., Bartonella, Rickettsia, Borrelia, 165
Neoehrlichia, Anaplasma, and Yersinia pestis). Therefore, though we may have missed fine-166 scale interactions (e.g., previously undescribed pathogens or species-specific associations), we 167 believe this representative dataset has captured any potential generalized patterns in the 168 accumulation of pathogenic bacteria in Key Largo woodrat nests. We then calculated the percent 169 relative abundance of all pathogenic genera and compared differences between nest type and 170 forest floor samples with Kruskal-Wallis tests. 171
To consider the bacteria found on Key Largo woodrat bodies, we characterized the 172 overall percent relative abundance of all bacterial taxa found in nests (n = 20) and on individuals 173 (n = 10). In addition, we compared the accumulation of bacterial taxa that contain pathogenic 174 lineages in nests to those found on individuals. Finally, we compared differences in community 175 composition between nests and bodies with Bray-Curtis dissimilarity (Bray and Curtis, 1957) 176 and visualized community data with non-metric multidimensional scaling (NMDS) ordination 177 plots. We quantified differences with PERMANOVA, using an FDR correction for multiple relative abundances of these taxa were only slightly higher in nests than from the forest floor 195 (percent of bacterial sequence reads: natural = 2.6%, supplemental = 3.1%, forest = 1.6%; χ ² = 196 7.93, P = 0.005), and there were no more of these pathogenic groups in supplemental nests than 197 in natural nests (χ² =1.801, P = 0.18). Of the 45 genera tested that contain rodent-associated 198 pathogens, we detected only 10 in nests. These included Bacillus, Burkholderia, Clostridium, 199
Corynebacterium, Enterococcus, Micrococcus, Mycobacterium, Nocardia, Rhodococcus, and 200
Vibrio, eight of which were shared between natural and supplemental nests (Table 1) . 201
Furthermore, we found all recovered taxa at relatively low abundances (read numbers), with 202
Mycobacterium accounting for the greatest relative abundance at 1.5% of total bacterial sequence 203 reads in natural nest samples and 1.1% of bacterial sequence reads from supplemental nest 204 samples (Table 1) Due to the accumulation of Pseudonocardiaceae bacteria in nests, we also tested for its 221 presence on the Key Largo woodrat. Just as with their nests, Pseudonocardiaceae was abundant 222 on Key Largo woodrats, where it was the third most abundant bacterial family (7% of bacterial 223 sequences). When we considered the accumulation of pathogenic taxa on individuals, we 224 observed 16 of the 45 genera considered (Table 1) , where Corynebacterium was the most 225 abundant of these genera (0.6% of total bacterial sequences). Mycobacterium was present on 226 woodrats (as well as in nests) and includes noxious pathogens, such as those known to cause 227 tuberculosis and leprosy in mammals (Hansen, 1874; Koch, 1884; Gordon and Parish, 2018) . 228 However, they were found at very low abundances (0.4% of bacterial sequences). Overall, the 229 Key Largo woodrat had approximately the same relative abundance of pathogenic taxa (2.4% of 230 bacterial sequences) as was detected in their natural nests (2.9% of bacterial sequences; P = 231 0.415). Additionally, though Key Largo woodrats resembled their nests, in relation to the relative 232 accumulation of pathogenic taxa and antimicrobial-producing bacteria, woodrats were distinctly 233 different from their nests (PERMANOVA: P < 0.001), even more so than were nests from the 234 forest environment (PERMANOVA: P < 0.001; Figure 2 ). 235
236
Discussion 237
Overall, we found bacterial communities in Key Largo woodrat nests to be distinct from 238 the forest environment, but we observed no differences between natural and supplemental nests, 239 based on the diversity or composition of those bacteria. There was little accumulation of bacteria 240 from pathogenic lineages in nests or on Key Largo woodrat individuals. Instead, we found a high 241 abundance of bacteria from antimicrobial-producing groups. 242
We expected supplemental nests to be similar to other structures built by humans (e.g., 243 contemporary homes and office buildings), in that, they might be expected to have a less diverse, woodrat health. The exposure to a greater diversity of microbes increases immune response and 247 the ability to fight off infectious disease in rodents (Beura et al., 2016) . However, we found no 248 evidence of such an effect. Relative to the forest floor, nests had similar bacterial diversity, 249 regardless of whether they were natural or supplemental (Figure 1) , and we could not discern 250 difference between nest type, based on which bacterial taxa were present (Figure 2 ). This 251 suggests that, likely through some combination of nest design or pattern of use, supplemental 252 nests maintain a bacterial community that is no different from their natural counterparts. One 253 explanation might be that the culvert pipes used in supplemental nest construction have open 254 ends. These openings could act in a similar way to the gaps in natural nests or to open windows 255 in human homes (Kembel et al., 2012; Barberán et al., 2015) . 256
We also found very little accumulation of bacteria from pathogenic lineages in natural 257 and supplemental nests (Table 1) . With the exception of Mycobacterium, a genus that contains 258 the bacteria that cause tuberculosis and leprosy (Hansen, 1874; Koch, 1884; Gordon and Parish, 259 2018; but which also includes a high diversity of harmless species), the most common 260 pathogenic taxa were found at very low abundances (Burkholderia and Nocardia; less than 1% 261 of total bacteria; Table 1) hand, the application of antimicrobials in homes has favored antimicrobial-resistant strains 268 (Hartmann et al., 2016) , and therefore, we may expect to find antibiotic-resistant bacteria in Key 269
Largo woodrat nests, particularly since they are typically used for several generations and persist 270 over long periods of time (Rainey, 1956 ). However, as our molecular methods are not reliable at 271 species level of identification (Martínez-Porchas et al., 2016; Edgar, 2018), it would be 272 imprudent for us to make strong conclusions about the presence of individual species or strains 273 within the scope of this study. Due to this, we cannot directly attribute the bacteria in Key Largo 274 woodrat nests to pathogenesis but rather use this data as a proxy for understanding the broad-275 scale patterns of pathogen accumulation. 276
Since we know that the species found in human homes are influenced by the building's 277 occupants (Barberán et al., 2015) , we characterized the bacteria from Key Largo woodrat bodies. 278
Of the pathogenic taxa considered, Key Largo woodrats had the highest relative abundance of 279
Corynebacterium (Table 1) . Pathogens in Corynebacterium can cause disease, such as diphtheria 280 and endocarditis, but this genus contains primarily non-pathogenic species and is a common 281 associate of mammal skin (Loeffler, 1884; et Yersin, 1888; Almklov and Hansen, 1950; Pike, 282 1951 ). The other pathogenic genera largely contained opportunistic rodent-associated pathogens 283 (Table 1) . The low detection of pathogens in nests and on bodies may be due, in part, to the high 284 abundances of Pseudonocardiaceae and Streptomycetaceae. It is also notable that the 285 differentiation and variation among woodrat microbiomes was much greater than what we 286 observed between nest and forest samples (Figure 2) . One potential explanation could be the 287 landfall of Hurricane Irma in September 2017 (3 months prior to sample collection). Catastrophic 288 weather events can homogenize biological communities (Savage et al., 2018) , and therefore, the 289 hurricane could account for the similarity between and among nest and forest microbiomes. 290
One of our more unusual findings was the prevalence of bacteria from the 291 Pseudonocardiaceae and Streptomycetaceae families in Key Largo woodrat nests. Associations 292 between animals and antimicrobial-producing bacteria have been described in social insects (e.g., However, to our knowledge, such a relationship has never been observed from mammals. Based 295 on our study design, we cannot ascribe a causative relationship between the Key Largo woodrats 296 and the presence of these bacteria. However, due to their high abundance and ubiquity among 297 natural and supplemental nests, we propose the possibility that the bodies and/or behaviors of 298 Key Largo woodrats promote the accumulation of these beneficial bacteria. 299
Unlike other human-built structures, such as homes and hospitals, supplemental nests for 300
the Key Largo woodrat do not appear to alter microbial species interactions in the ways we 301 would predict to be detrimental for woodrat health. However, due to variation in the types of 302 nests and nest boxes used in supplementation studies for threatened and endangered species 303 conservation, we recommend that more research is required prior to the extrapolation of results 304 to the nests constructed for other species of concern. 305 306 Acknowledgments 307 
